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Simple Summary: Effective treatment of cancer is often limited by the resistance of cancer cells
to chemotherapy. A well-described mechanism supporting multidrug resistance (MDR) relies on
the efflux of toxic drugs from cancer cells, mediated by P-glycoprotein (Pgp). Circumventing
Pgp-mediated resistance is expected to make a significant contribution to improved therapy of
malignancies. Interestingly, MDR cells exhibit paradoxical hypersensitivity towards a diverse set
of anticancer chelators. In this study we explore the relation of chemical and structural properties
influencing metal binding and toxicity of a set of 8-hydroxyquinoline derivatives to reveal key
characteristics governing “MDR-selective” activity. We find that subtle changes in the stability and
redox activity of the biologically relevant metal complexes significantly influence MDR-selective
toxicity. Our results underline the importance of chelation in MDR-selective toxicity, suggesting
that the collateral sensitivity of MDR cells may be targeted by preferential iron deprivation or the
formation of redox-active copper(II) complexes.

Abstract: Resistance to chemotherapeutic agents is a major obstacle in cancer treatment. A recently
proposed strategy is to target the collateral sensitivity of multidrug resistant (MDR) cancer. Para-
doxically, the toxicity of certain metal chelating agents is increased, rather than decreased, by the
function of P-glycoprotein (Pgp), which is known to confer resistance by effluxing chemotherapeutic
compounds from cancer cells. We have recently characterized and compared the solution’s chemical
properties including ligand protonation and the metal binding properties of a set of structurally
related 8-hydroxyquinoline derived Mannich bases. Here we characterize the impact of the solution
stability and redox activity of their iron(III) and copper(II) complexes on MDR-selective toxicity.
Our results show that the MDR-selective anticancer activity of the studied 8-hydroxyquinoline
derived Mannich bases is associated with the iron deprivation of MDR cells and the preferential
formation of redox-active copper(II) complexes, which undergo intracellular redox-cycling to induce
oxidative stress.
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1. Introduction

Despite the diversity of drugs used for the treatment of cancer, resistance is a frequent
reason for the failure of cancer chemotherapy [1]. Cells that are resistant to a single cytotoxic
agent can develop cross-resistance to further structurally and mechanistically unrelated
drugs, leading to the phenotype of multidrug resistance (MDR) [2,3]. A well-described
mechanism supporting MDR relies on the energy dependent efflux of drugs, resulting in
decreased intracellular drug accumulation. Active transport is mediated by ATP-binding-
cassette (ABC) proteins, and in particular P-glycoprotein (Pgp, encoded by the ABCB1
gene), which confers resistance to a wide variety of compounds [2,4–8]. Unfortunately,
clinical translation of in vitro MDR transporter inhibition proved unsuccessful [7,9–13]. As
circumventing Pgp-mediated resistance is expected to make a significant contribution to
improved therapy of malignancies, alternative strategies to inhibit, bypass or even exploit
efflux-based resistance mechanisms are needed [4,14].

A possible approach to overcome Pgp-mediated MDR exploits cellular vulnerabilities
that occur as a result of the adaption to cytotoxic stress. Interestingly, Pgp-expressing MDR
cells exhibit paradoxical hypersensitivity towards a diverse set of compounds identified
in the Developmental Therapeutics Program of the National Cancer Institute (NCI-DTP)
database [15–21]. In several in vitro models, increased sensitivity of otherwise multidrug
resistant cells to the so-called “MDR-selective” compounds was abrogated in the presence
of transporter inhibitors, indicating that the activity of Pgp is both necessary and sufficient
to confer collateral sensitivity [15,19,20,22]. MDR-selective compounds are enriched in
metal chelating ligands [15,19], suggesting that interaction with endogenous metal ions may
be fundamental to their mechanism of action. We and others have identified several isatin-
β-thiosemicarbazones [15,23–25], 1,10-phenanthrolines [15,19,26] and 8-hydroxyquinoline
derivatives [15,19] with MDR-selective activity, but the molecular determinants of their
MDR-selective toxicity have remained elusive. Collateral sensitivity of MDR cells has
been associated with preferential ATP depletion resulting from the futile cycling of the
Pgp ATPase [16,27–32], a differential sensitivity to reactive oxygen species (ROS) [16,18,33],
or an increased lysosomal accumulation of compounds [34–36]. In view of the metal
complex formation ability of the MDR-selective compounds, mechanisms responsible
for the toxicity of anticancer chelators deserve special attention. Our earlier work has
focused on the role of intracellularly formed complexes in the mechanism of MDR-selective
toxicity. In that respect, characterization of solution speciation, the relation of complex
equilibria and redox properties to cytotoxic activity, revealed key characteristics governing
complex formation and anticancer activity [37–41]. Recently, we have shown that the MDR-
selective toxicity of NSC297366 is linked to cellular iron depletion, which is exacerbated by
Pgp [42]. Due to their increased proliferation, cancer cells have an excessive demand for
iron [43,44] and copper [45,46], and this vulnerability can be exploited by chelator-based
cancer treatment strategies [37,39,47–49]. The anticancer activity of chelators is explained by
the perturbation of the intracellular metal homeostasis, which results either in the depletion
of essential metal ions [48,49], or the shuttling of excess metal ions into cellular organelles
such as mitochondria [50]. Additionally, metal-binding compounds can influence the
activity of various metalloenzymes. Ribonucleotide reductase (RR), which catalyzes the
rate limiting step in DNA synthesis, is a well characterized target of anticancer compounds
of the thiosemicarbazone class such as Triapine [51–54]. Anticancer thiosemicarbazones
possessing strong metal complex formation abilities were also described as inducing
apoptosis by modulating the expression of Bax and Bcl-2 proteins [55,56]. Furthermore,
they can cause cell cycle arrest (e.g., by downregulation of Cyclin D1), and inhibit tumor
growth through the upregulation of tumor and metastasis suppressors [44,48]. Finally,
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metal complexes may possess biological activity themselves, partly due to their redox
activity [57–59].

Interestingly, not every chelator possesses MDR-selective toxicity. Recently, we have
characterized the copper(II) and iron(III) binding properties of a set of 8-hydroxyquinoline
derived Mannich bases [60]. Since these structurally related analogs possess variable levels
of MDR-selective toxicity, our aim here was to understand the relation of chemical and
structural properties influencing metal binding to MDR-selective toxicity.

2. Materials and Methods
2.1. Chemicals

8-Hydroxyquinoline (Q-1), 2′,7′-dichlorofluorescein diacetate (DCFDA), CuCl2, FeCl3,
NaOH stock solutions, dimethyl sulfoxide (DMSO), and human holo-transferrin were
purchased from Sigma-Aldrich, N-acetyl cysteine (NAC) was purchased from TCI Europe,
3-(4 5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide (MTT) reagent was obtained
from ABCR. Ligands morpholine 7-(morpho-lino-methyl)quinolin-8-ol (Q-2) and piperi-
dine 7-(piperidin-1-ylmethyl)quinolin-8-ol (Q-3) were obtained from NCI-DTP, 5-chloro-7-
((2-fluorobenzylamino)methyl)quinolin-8-ol (Q-4) was previously synthesized [60], while
De-Cl-Q-4 without Chloro-substitution in R5 and non-chelating compounds NC-2 to NC-4
were synthesized and characterized in this work. Details of the synthetic process and the
characterization of the compounds are shown in the supplement. Samples containing the
respective ligands and the metal salt (CuCl2 or FeCl3) at constant metal-to-ligand ratios
were prepared as 10 mM stock solutions in an 80%–87% DMSO-water mixture (depending
on the metal-to-ligand ratio), by deprotonating the ligand (diluted from a 50 mM to 100 mM
DMSO stock) with one equivalent of NaOH and adding the appropriate amount of metal
salt stock solutions (100 mM) to obtain the desired metal-to-ligand ratios (1:1, 1:2 or 1:3).

2.2. Cell Culture

MDCK II canine kidney cells, A431 epidermoid carcinoma cells, the human uterine
sarcoma cell lines MES-SA and the doxorubicin selected MES-SA-Dx5 were obtained
from ATCC (MDCK II: No. CRL-2936™, A431: No. CRL-1555™, MES-SA: No. CRL-
1976™, MES-SA/Dx5: No. CRL-1977™). ABCB1 was expressed in A431 and MES-SA cells
using lentiviral transduction [42,61]. The human cervix carcinoma cell line KB-3-1 and
the vinblastine selected KB-v1were kind gifts from Dr. Michael M. Gottesman, National
Institutes of Health. The phenotype of the resistant cells was verified using cytotoxicity
assays. MDCK-B1 and MDCK-MM were established by the Sleeping Beauty transposon-
based gene delivery system [37,62]. OVCAR-8 and NCI-ADRres cells (obtained from the
Division of Cancer Treatment and Diagnosis (DCTD) Tumor Repository (National Cancer
Institute, Frederick, MD, USA)) were cultivated in RPMI-1640 (Sigma Aldrich, Budapest,
Hungary), and other cell lines were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma Aldrich, Budapest, Hungary), supplemented with 10% fetal bovine serum,
5 mM glutamine, and 50 unit/mL penicillin and streptomycin (Life Technologies, Carlsbad,
CA, USA). All cell lines were cultivated at 37 ◦C, 5% CO2.

2.3. MTT Viability Assay

MTT viability assays were performed as described earlier with minor modifica-
tions [37,63,64]. Briefly, cells were seeded into 96-well tissue culture plates (Sarstedt,
Newton, NC, USA/Orange, Braine-l’Alleud, Belgium) at a density of 5000 cells/well and
allowed to attach overnight. Test compounds were added to achieve the required final
concentration in a final volume of 100 µL per well. After an incubation period of 72 h, the
supernatant was removed and fresh medium containing the MTT reagent (0.083 mg/mL)
was added. Incubation with MTT at 37 ◦C was terminated after 1 h by removing the super-
natant and lysing the cells with 100 µL DMSO per well. Viability of the cells was measured
spectrophotometrically based on the absorbance values at 540 nm using either a Perkin
Elmer Victor X3 or an EnSpire microplate reader. Data were background corrected by
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subtraction of the signal obtained from unstained cell lysates and normalized to untreated
cells. Curves were fitted by Prism software (GraphPad Software Inc., San Diego, CA, USA)
using the sigmoidal dose-response model (comparing variable and fixed slopes). Curve
fit statistics were used to determine the concentration of test compound that resulted in
50% toxicity (IC50). Significance was calculated using unpaired t-tests; results are given as
*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.

2.4. Total-Reflection X-ray Fluorescence (TXRF) Measurements

Cells were seeded to 6-well plates in a density of 1.5 Mio cells/well and allowed
to attach overnight. Following a washing step with phosphate buffered saline (PBS),
cells were incubated in serum free DMEM. For the iron-level measurements, cells were
preloaded with 25 µM holo-transferrin for 4 h and, after a washing step with serum free
DMEM, cells were incubated with 5 µM of each ligand for 8 h. For the detection of
copper levels, cells were treated with 1 µM of the ligands in the presence of 5 µM CuCl2
for 4 h. Following incubation, cells were harvested upon trypsination, washed twice
with PBS, counted and the resulting pellets were digested in 20 µL of 30% H2O2, 80 µL
of 65% HNO3. 10 µL of 15 µg/mL Ga(NO3)3 (in nitric acid) was added as an internal
standard upon digestion for 24 h at room temperature. From the resulting solutions, 2 µL
were pipetted on the quartz reflectors used for total-reflection X-ray fluorescence (TXRF)
analysis. For the determination of the intracellular Cu content, the TXRF method was used
as previously reported [65]. Briefly, all determinations were performed on an Atomika
8030C TXRF spectrometer (Atomika Instruments GmbH, Oberschleissheim, Germany). The
stock solution of 1000 mg/L Ga was purchased from Merck (Darmstadt, Germany). The Kα

line used for determination of Fe and Cu were at 6.403 and 8.047 keV. Applicability of TXRF
for the elemental analysis of human cells has been demonstrated earlier [66]. Significance
was calculated using unpaired t-tests; results are given as *: p ≤ 0.05, **: p ≤ 0.01, ***:
p ≤ 0.001, ****: p ≤ 0.0001.

2.5. Reactive Oxygen Species (ROS) Determination Using DCFDA

Measurements were performed as described earlier [37]. Briefly, cells were harvested,
washed with PBS, and incubated with 10 µM DCFDA in a water bath shaker at 37 ◦C for
30 min in a density of 3 × 106 cells/mL. After washing with PBS, cells were seeded to
96-well plates in PBS in a density of 2 × 104 cells/well. Following the measurement of
the basal fluorescence, test compounds were added in different concentrations and the
fluorescence of the samples was followed at time intervals of 10 min. DCFDA solution
in buffer was used as a cell free control to test for interaction of the test compounds with
DCFDA. Data were analyzed as fold change of fluorescence compared to basal levels and
untreated cells. Significance was calculated using unpaired t-tests; results are given as *:
p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.

3. Results

In a recent study we have described the synthesis and chemical characterization
of four closely related 8-hydroxyquinoline Mannich base derivatives [60]. The series
contains structurally related derivatives of the unsubstituted 8-hydroxyquinoline core
structure (NSC2039, Q-1), including the morpholin-1-yl-methyl derivative NSC662298
(Q-2), the piperidin-1-yl-methyl derivative NSC57969 (Q-3), and Q-4, that was inspired
by its ring-closed derivative NSC297366 [19,42] (Figure S1). To assess the effect of these
structural modifications on MDR-selective toxicity, herein we included several cell line
pairs consisting of drug-sensitive parental and MDR derivatives. Expression of functional
Pgp was verified in all MDR cells, which were also characterized for the presence of further
ABC-transporters (Figure S2). As shown in Table 1, the compounds possess variable levels
of MDR-selective toxicity across the cell panel. Q-1 is equally toxic to parental MES-SA
cells and its MDR derivatives including MES-SA/Dx5 and MES-SA/B1, in which Pgp
expression was increased as a result of drug selection [67–69] or viral overexpression,
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respectively. The remaining three ligands exhibited increasing toxicity in the two MDR
MES-SA derivatives, while their toxicity remained constant in the Pgp negative MES-SA
cells. In particular, Q-3 and Q-4 showed marked preferential toxicity in MES-SA/Dx5 and
MES-SA/B1 cells, which was abrogated in the presence of the Pgp inhibitor Tariquidar
(TQ) (Table 1, TQ data in brackets). The same trends were observed in further cell line pairs
including the ovarian cancer cell lines OVCAR-8 and NCI-ADRres, the cervix carcinoma
cell lines KB-3-1 and KB-v1, as well as in the epidermoid carcinoma cell line A431 and its
transfected counterpart A431-B1. To further confirm the impact of Pgp on the increased
toxicity against MDR cells, toxicity was assayed in MDCK cells expressing wild-type Pgp
(MDCK-B1) or a non-functional variant (MDCK-MM [62]). Whereas MDCK-B1 cells were
more sensitive to Q-3 and Q-4, MDCK cells expressing the inactive Pgp variant did not
show collateral sensitivity. These results clearly prove that the increased toxicity of the
MDR-selective compounds Q-3 and Q-4 is linked to the function of Pgp.

Table 1. Toxicity of the studied compounds in a panel of multidrug resistant (MDR) cell lines. IC50 values (50% toxicity) are shown
in µM, as determined by MTT assays performed in the absence or presence of 1 µM Tariquidar (values in brackets). MDR-selective
toxicity of a compound is expressed as the fraction of IC50 values obtained in Pgp negative vs. positive cells (selectivity ratio, SR)
determined from 3–18 independent experiments. A compound is considered to possess MDR-selectivity at SR > 2. Significance was
calculated using unpaired t-tests; results are given as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.

IC50 (µM) Q-1 SR Q-2 SR Q-3 SR Q-4 SR

MES-SA 4.19 ± 0.74
(5.08 ± 0.48)

6.97 ± 1.75
(4.65 ± 0.92)

4.11 ± 1.20
(2.99 ± 0.91)

2.75 ± 0.46
(2.22 ± 0.36)

MES-SA/Dx5 2.46 ± 0.69 a

(2.94 ± 0.66)
1.70 **
(1.73 *)

3.27 ± 0.39 a

(5.49 ± 1.02)
2.13 ***
(0.85)

0.86 ± 0.26 a

(3.15 ± 0.93)
4.75 ****

(0.95)
0.20 ± 0.06 a

(3.28 ± 0.51)

13.68
****

(0.68)

MES-SA/B1 3.68 ± 0.95
(4.92 ± 1.32)

1.14
(1.03)

3.12 ± 0.28
(3.60 ± 0.63)

2.23 ***
(1.29)

0.83 ± 0.02
(1.50 ± 0.22)

4.95 ****
(1.99)

0.30 ± 0.06
(1.03 ± 0.29)

9.24 ****
(2.16)

OVCAR-8 3.45 ± 0.13
(3.43 ± 0.40)

3.16 ± 0.52
(3.28 ± 0.41)

3.15 ± 0.36
(3.72 ± 0.55)

1.08 ± 0.10
(1.09 ± 0.12)

NCI-ADRres 1.84 ± 0.30
(2.65 ± 0.8)

1.88
(1.29)

2.84 ± 0.81
(5.41 ± 1.55)

1.11
(0.61)

0.68 ± 0.09
(4.22 ± 0.86)

4.60 **
(0.88)

0.14 ± 0.07
(1.15 ± 1.24)

7.84 *
(0-95)

KB-3-1 8.59 ± 2.92
(10.89 ± 3.04)

9.55 ± 2.55
(11.69 ± 3.31)

6.19 ± 0.12
(6.69 ± 0.15)

1.75 ± 0.62
(2.65 ± 1.57)

KB-v1 8.71 ± 4.43
(10.85 ± 2.52)

0.99
(1.00)

6.42 ± 2.19
(11.34 ± 3.11)

1.49
(1.03)

1.56 ± 0.57
(7.47 ± 0.84)

3.96 *
(0.89)

0.27 ± 0.12
(2.27 ± 0.43)

6.51 *
(1.17)

A431 2.35 ± 0.92
(2.90 ± 1.37)

3.31 ± 1.61
(3.18 ± 1.45)

3.91 ± 0.83
(4.09 ± 0.88)

5.82 ± 1.15
(4.54 ± 1.42)

A431-B1 8.21 ± 4.04
(7.06 ± 4.75)

0.31
(0.41)

4.05 ± 1.86
(7.64 ± 5.32)

0.82
(0.42)

1.14 ± 0.16
(5.58 ± 1.67)

3.96 ***
(0.73)

2.57 ± 0.56
(7.95 ± 2.62)

2.26 ***
0.57*)

MDCK 3.27 ± 1.24
(3.08 ± 1.41)

9.15 ± 3.51
(11.10 ± 4.87)

7.61 ± 3.06
(10.18 ± 3.12)

4.55 ± 1.53
(5.92 ± 2.01)

MDCK-B1 4.58 ± 1.75
(15.17 ± 10.11)

0.71
(0.20)

11.98 ± 7.84
(12.08 ± 5.07)

0.76
(0.92)

3.22 ± 1.02
(12.41 ± 6.27)

2.36 *
(0.82)

0.89 ± 0.35
(6.95 ± 3.49)

5.13 ****
(0.85)

MDCK-MM 3.34 ± 0.60
(3.59 ± 1.01)

0.97
(0.86)

9.74 ± 4.04
(9.01 ± 3.80)

0.82
(1.23)

6.67 ± 2.00
(8.45 ± 2.30) 1.14(1.20) 5.23 ± 2.11

(6.27 ± 2.29)
0.87

(0.94)
a Data are taken from Ref. [60].

To corroborate the importance of chelation in the MDR-selective anticancer activity of
Q-3 and Q-4, we synthesized structural analogues of Q-2 to Q-4 without chelating func-
tional groups NC-2 to NC-4 by a modified Mannich reaction under microwave conditions
(see Supplementary Information for details of synthesis and characterization, Scheme S1,
Figures S3–S10). While Q-1 to Q-4 are active against the investigated cell lines in the
micromolar-to-sub-micromolar concentration range (Tables 1 and 2), NC-2 to NC-4 proved
to be significantly (up to two orders of magnitude) less toxic (Table 2). Thus, we conclude
that chelation is necessary for MDR-selective toxicity of the investigated compounds, yet
not sufficient, as illustrated by the lack of MDR selective toxicity of Q-1. While the toxicity
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of the unsubstituted scaffold Q-1 is not increased by Pgp, subtle structural modifications
resulting in differential toxicity may point to chemical properties that influence MDR-
selective activity. Since Q-4 is chlorinated in position R5, we included derivatives of Q-1
to Q-3 with R5-chloro-substitution (Cl-Q-1 to Cl-Q-3) and a Q-4 derivative without the
chloro-substituent (De-Cl-Q-4), in order to access the impact of chloro-substitution on
observed biological activity (see Supplementary Information for details of synthesis and
characterization, Scheme S1, Figures S11–S14). Correlation of the quantifiable chemical
properties such as proton dissociation constants (Ka), and solution stability of metal com-
plexes at pH 7.4 [60] with toxicity and selectivity ratios against MES-SA and MES-SA/Dx5
cells are shown in Table 1 and Figure 1A. Chloro-substitution in R5 decreases the pKa
values of the hydroxyl- as well as of the quinolinium-protons. Analysis of the correlations
indicates that a lower pKa value of the phenolic OH donor atom and to some degree that
of the quinolinium nitrogen is accompanied with increased selective toxicity (Figure 1,
compare panels B and C, or D and E, respectively).
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Table 2. pKa values and chemical structures of Q-1 to Q-4 and related compounds determined by UV-visible spectrophotometric titrations (T = 25 ◦C, I = 0.2 M (KCl)). The non-chelating
derivatives 2-(morpholino-methyl)naphthalen-1-ol NC-2, 2-(piperidin-1-ylmethyl)naphthalen-1-ol NC-3 and 2-((2-fluorobenzylamino)methyl)naphthalen-1-ol NC-4 were used to monitor
the lack of the quinoline nitrogen. Significance was calculated using unpaired t-tests; results are given as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.

Compound Structure MES-SA MES-SA/Dx5 SRMES-SA/Dx5 pKa (OH) pKa (NquinoliniumH+) pKa (additional)

Q-1
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Table 2. Cont.

Compound Structure MES-SA MES-SA/Dx5 SRMES-SA/Dx5 pKa (OH) pKa (NquinoliniumH+) pKa (additional)

De-Cl-Q-4
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Figure 1. Impact of ligand deprotonation and metal binding properties on MDR-selective anticancer
activity. (A) Spider diagram showing the relations of solution chemical properties [60] and MDR
selective anticancer activity of the four investigated derivatives Q-1 (black), Q-2 (blue), Q-3 (green)
and Q-4 (purple). pKa values as well as metal binding capacities of the ligands (expressed as pM*
= −log(unbound metal ion)) influence MDR-selective toxicity of 8-hydroxyquinoline derivatives.
Detailed correlation plots for the single properties are shown in Figure S15. The impact of pKa values
of the hydroxyl group (B,C) and the quinolinium nitrogen (D,E) on toxicity against MES-SA (B,D)
and MES-SA/Dx5 (C,E) cells is shown for Q-1 to Q-4 as well as for the chlorinated derivatives Cl-Q-1
(grey), Cl-Q-2 (light blue), Cl-Q-3 (bright green), and the De-Cl-Q-4 (magenta). Toxicity is displayed
as pIC50 values, the negative decadic logarithm of the half maximal growth-inhibitory concentration.
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3.1. Impact of iron(III) and copper(II) Ions on MDR-Selective Cytotoxicity

Similar to pKa values, iron(III) and copper(II) binding abilities of the compounds (as
reflected in pM* values [60]) also follow the trend of MDR selective anticancer activity
(Figure 1A). While for both metal ions a weaker metal binding capacity (at physiological
pH) accompanies higher MDR-selectivity, interestingly, in comparison to Q-1 and Q-2, the
MDR-selective ligands Q-3 and Q-4 show a significantly stronger preference to copper(II)
binding over complexation with iron(III) (Figure 1A and Figure S15).

As metal chelation is vital to the toxicity of the investigated 8-hydroxyquinoline
derivatives and pKa values and metal binding abilities seem to impact the biological activity
of the ligands, toxicity studies were performed in the presence of increasing concentrations
of iron(III) and copper(II). Strikingly, the four structurally related 8-hydroxyquinoline
derivatives showed unique responses to the co-administered metal ions in Pgp positive
and parental lines (notably, metal salts alone did not influence cell viability). Whereas
co-incubation with iron(III) did not influence the cytotoxicity of the Q-1 core structure
(Figure 2A), it selectively protected MES-SA/Dx5 cells against (Q-2 and) the MDR-selective
derivatives Q-3 and Q-4 (Figure 2B–D). The sensitivity of the Pgp negative parental MES-
SA cell line towards the investigated derivatives was not significantly affected by co-
administration of iron. However, as a result of the selective protection of Pgp positive cells,
excess iron ions significantly reduced the MDR-selective toxicity of Q-3 and Q-4. These
trends could likewise be observed in the other cell line pairs listed in Table 1 (Figure S16).
Derivatives with chloro-substituents in position R5 behaved in a comparable way to their
non-chlorinated counterparts (Figure S17).

The experimentally determined stability constants reported in [60] allow the estima-
tion of the concentration distribution of the metal complex species formed at the respective
IC50 values of the four ligands in the presence of different concentrations of FeCl3 or CuCl2
(Figure 2E–H). In case of iron, Q-1 and Q-2 mostly form tris-ligand complexes (FeL3), for
Q-3, the formation of the bis-complex FeL2 is more favored, and the predominant form
of Q-4 is the mono-complex FeL. Interestingly, in the presence of 0.5 µM FeCl3, at IC50
concentrations of Q-4 in MES-SA/Dx5 cells a larger fraction of the ligand forms complexes,
as compared to the conditions corresponding to IC50 values measured in MES-SA cells.
These results underline the relevance of iron chelation in the paradoxical sensitivity of
MDR cells towards the ligand Q-4.

In contrast, co-administration of CuCl2 increased the toxicity of Q-1 and Q-2 in a dose
dependent manner (Figure 2I,J) in both MDR and parental cell lines. Intriguingly, the same
cells showed a differential response when copper(II) was combined with MDR-selective
derivatives: in the case of ligands Q-3 and Q-4, the parental MES-SA cell line showed a
selective increase in sensitivity in the presence of copper, while MDR cells were not further
sensitized (Figure 2K,L). As a result, the selective toxicity of Q-3 and Q-4 was completely ab-
rogated in the presence of 50 µM copper(II). Again, similar trends were observed in further
MDR cells listed in Table 1 (Figure S18). Derivatives with chloro-substituents in position
R5 behaved in a comparable way to their non-chlorinated counterparts (Figure S19).
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Figure 2. Effect of increasing concentrations of FeCl3 (red, A–D) or CuCl2 (blue, I–L) on the toxicity of the compounds Q-1
(A,I), Q-2 (B,J), Q-3 (C,K) and Q-4 (D,L). pIC50 values of the compounds were obtained by the MTT assay following 72 h
incubation of MES-SA (open squares) and MES-SA/Dx5 (filled squares) cells in the absence or presence of constant metal
ion concentrations. Data represent mean values and standard deviations obtained in at least three independent experiments
(*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001). Molar fractions of the complexes formed with ligands Q-1 to Q-4 at
pH 7.4 at the IC50 values of the compounds in MES-SA (M) and MES-SA/Dx5 (D) cell lines upon co-incubation with 0.5, 5,
or 50 µM FeCl3 (E–H) and CuCl2 (M–P) were calculated on the basis of experimentally determined stability constants from
Reference [60] for Q-1 (E,M), Q-2 (F,N), Q-3 (G,O) and Q-4 (H,P). The color code of the single species is given on the left
side, and charges are omitted for clarity.

In case of copper(II) co-administration, the type of the formed species strongly de-
pends on the actual CuCl2 concentration. Even though at ligand excess (cL/cCu ≥ 2)
the coordination sphere is likely to be filled by the available ligands (forming bis-ligand
complexes CuL2), in the presence of 5 and 50 µM CuCl2 (where MDR-selectivity is abro-
gated) the only species present at IC50 concentrations is CuL for all ligands (Figure 2M–P).
Strikingly, at lower copper(II) concentrations (where the ligands Q-3 and Q-4 still possess
MDR selective anticancer activity), the predominant species differ at the respective ligand
IC50 concentrations in parental MES-SA and MDR MES-SA/Dx5 cells. For example, in
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the presence of 0.5 µM CuCl2, only CuL is predicted to be formed (with a lower fraction
of CuLH) at the IC50 concentration of Q-4 in MES-SA/Dx5 cells, while at the IC50 against
MES-SA, only CuL2 and the free ligand are present. Considering the strong preference
of MDR-selective ligands to copper(II) ions, these results suggest that the mono-ligand
copper complexes might play a decisive role in the selective toxicity of Q-4. MES-SA/B1
and MES-SA/Dx5 cells (rendered resistant through overexpressing cDNA-derived Pgp
and drug selection, respectively) gave similar results, and their MDR-specific response
pattern was abrogated by the Pgp inhibitor tariquidar (TQ) (Figure 3A–D,I–L). Addition-
ally, we repeated the experiments with MDCK cells expressing functional (MDCK-B1) or
non-functional Pgp (MDCK-MM) (Figure 3E–H,M–P). Together, these results confirmed
the direct involvement of Pgp function in differential sensitivity.
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Figure 3. Involvement of Pgp in shaping cellular sensitivity to the ligands Q-1 (A,E,I,M), Q-2 (B,F,J,N), Q-3 (C,G,K,O) and
Q-4 (D,H,L,P) in the presence of increasing concentrations of FeCl3 (red, A–H) or CuCl2 (blue, I–P). pIC50 values of the
ligands in the presence of FeCl3 (A–H) and CuCl2 (I–P) were obtained by MTT assay after 72 h incubation of Pgp expressing
MES-SA/B1 cells in the absence (half-filled squares) and in the presence (crossed squares) of the Pgp inhibitor Tariquidar
(TQ) (A–D,I–L). MDCK cells were used to further confirm the effect of Pgp (Panels E–H and M–P). Wild type MDCK cells
are displayed with open circles, cells transfected with Pgp (MDCK-B1) with filled circles and MDCK-MM cells transfected
with a non-functional mutant MDCK-MM with crossed symbols. Data represent mean values and standard deviations
obtained in at least three independent experiments (*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001).
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Taken together, co-administration of both iron(III) and copper(II) ions resulted in
the selective modulation of MDR-selective toxicity. Interestingly, at constant metal-to-
ligand ratios, MDR-selective toxicity of Q-3 and Q-4 was retained even in the presence
of 0.33, 0.5 or 1.0 equivalents of metal ions (Table S1, Figures S20 and S21), suggesting
that for a selective rescue of Pgp positive MES-SA/Dx5 cells by iron(III), as well as for
the selective copper(II)-induced sensitization of Pgp negative MES-SA cells, an excess
of the respective metal ion is needed. This intriguing result may be explained by an
altered metal homeostasis of MDR cells (resulting in, e.g., an increased sensitivity to iron
depletion [42]) or a selective induction of downstream toxic effects (such as copper-induced
oxidative stress).

3.2. Intracellular Metal Levels

To investigate if Pgp-dependent toxicity of Q-3 and Q-4 is linked to a specific ef-
fect on metal accumulation, intracellular metal levels were investigated [66,70,71]. Since
basal iron levels were at the limit of detection, cells were pre-loaded with 25 µM human
holo-transferrin (the iron-saturated protein) prior to treatment with the tested compounds
(Figure 4A). In agreement with the selective iron-depleting effect of MDR-selective 8-
hydroxyquinoline ligands (vide supra, [42]), Q-4 resulted in a marked, selective iron deple-
tion in MES-SA/B1 cells, which could be abrogated by the Pgp inhibitor TQ. Strikingly, the
decrease in intracellular iron levels in MES-SA/B1 cells follows the trend of MDR-selective
activity, resulting in a drop of intracellular iron levels below baseline levels in MDR cells
treated with Q-3 or Q-4.
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Figure 4. Effect of the compounds on intracellular metal levels. (A) Iron levels of MES-SA (open
columns) and MES-SA/B1 cells in absence (dark red squared columns) and presence of Pgp inhibitor
Tariquidar (bright red squared columns). Cells were loaded with 25 µM holo-transferrin (4 h),
followed by an incubation (8 h) without (ctr) or with 5 µM of ligands Q-1, Q-2, Q-3, and Q-4. Basal
levels (of control cells prior to holo-transferrin-loading) were at a comparable level, indicated by
the colored background. (B) Cellular copper levels measured following a 4 h co-administration of
compounds Q-1, Q-2, Q-3, and Q-4 (1 µM) and CuCl2 (5 µM) in MES-SA (open columns), MES-
SA/Dx5 (filled columns) and MES-SA-B1 (squared columns) cells. Significance is given as *: p ≤ 0.05,
**: p ≤ 0.01, ***: p ≤ 0.001.
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Basal intracellular copper levels were much lower than iron levels (Figure 4B). In the
presence of 5 µM CuCl2 Q-1, Q-2 and Q-4 significantly increased copper levels in both Pgp
negative MES-SA and Pgp positive MES-SA/Dx5 and MES-SA/B1 cells, proportionally
to their MDR-selective toxicity (Q-1 < Q-2 < Q-4, (Figure 4B)). Copper levels were not
consistently different between Pgp negative MES-SA and Pgp positive MES-SA/Dx5 or
MES-SA/B1 cells. Thus, selective toxicity towards Pgp positive cells cannot be explained
by a mere ligand-induced increase of copper uptake in MDR cells.

3.3. Redox Chemistry

Disruption of cellular redox homeostasis can be responsible for the toxicity of an
anticancer agent. We previously showed that iron and copper complexes formed with
Q-1 to Q-4 are redox active [60]. In addition to their redox potentials, redox cycling of the
complexed metal ions is also influenced by the kinetics of the reduction and re-oxidation
reactions. Reduction of iron(III) and copper(II) complexes by the physiologically relevant
reducing agents glutathione (GSH) and ascorbate was followed spectrophotometrically [60].
Although GSH is a stronger reducing agent than ascorbate, ascorbate reacted considerably
faster with the iron(III) complexes (Figure 5A), while reduction by GSH seemed to be
kinetically hindered (not shown). In case of the copper(II) complexes, however, reduction
was observed only with the stronger reducing reagent GSH (Figure 5B). Interestingly, the
kinetics of the reduction reactions of in-situ formed iron(III) and copper(II) complexes (with
ascorbate and GSH, respectively) were different for the four studied ligands. While in the
case of the copper(II) complex formed with Q-2, half of the initial complex is reduced by
GSH within the first minute of the reaction, for the complex formed with Q-4, this state is
not yet fully reached after two hours (Figure 5A,B).

Intracellularly formed redox active complexes can lead to the formation of ROS, which
can contribute to the toxicity of anticancer compounds. The ability of metal complexes to
induce ROS production was investigated using the DCFDA assay. This frequently used
reagent is oxidized by ROS to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) upon
intracellular cleavage of DCFDA to 2′,7′-dichlorodihydrofluorescein (DCF-H2) [72,73]. A
fraction of the diacetate ester is also hydrolytically cleaved in the assay buffer solution,
thus the oxidation of DCF-H2 could also be observed in a cell free condition [37]. In
cell-free conditions, the ligands in the presence of equimolar amounts of metal ions (with
the exception of the FeCl3—Q-2 mixture) showed only negligible increase in cell-free
DCF-fluorescence. However, co-administration of N-acetyl cysteine (NAC) resulted in
a dose-dependent increase in fluorescence intensity (Figure 5C,D), suggesting that this
reducing agent initiated redox cycling by directly reducing the complexed metal ions. As
oxidation of the dye is likely due to ROS formed in line with the re-oxidation of the reduced
metal ions, this result provides evidence for the redox activity of the formed complexes.
Complexes reduced with a higher reaction rate showed a slower re-oxidation rate and
vice versa (compare Figure 5A,E/B,F). The kinetics of these reactions can impact the redox
equilibria that might interfere with the cellular redox homeostasis [39]. In light of the
signals observed in cell-free conditions, experiments using DCFDA in cells should be
interpreted with caution.

Incubation of the MES-SA and MES-SA/Dx5 cells with the iron(III) complexes of
the investigated ligands resulted in a pronounced increase of DCF emission intensity
(Figure 6A), while copper(II) complexes resulted in a smaller initial induction of ROS
(Figure 6B). Co-administration of the antioxidant NAC had a paradoxical, dose dependent
effect. While a lower concentration of NAC (1 mM) seemed to protect cells against ROS
induced by iron and most of the copper complexes, at higher concentrations (5 and 10 mM)
DCF fluorescence intensity values were increased. This increase in DCFDA fluorescence
is especially pronounced in case of the copper complexes, where an increase in DCF
fluorescence could be observed also at the lowest applied NAC concentration in case of the
copper complexes of Q-1 and Q-4. Differences between DCF fluorescence observed in Pgp
negative and Pgp positive cells were relatively small.
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Figure 5. Reduction of the in situ formed iron(III) and copper(II) complexes from equimolar metal-to-ligand ratios with
antioxidants was followed spectrophotometrically by the decrease in the respective absorbance maxima. (A) Time-dependent
decrease of the absorbance values in equimolar 1:1 metal to ligand mixtures of FeCl3 with Q-1 at 356 nm (black), Q-2 at 348
nm (blue), Q-3 at 334 nm (green) and Q-4 at 328 nm upon addition of 2.5 equivalents of ascorbate. (B) Time-dependent
decrease of the absorbance values in equimolar 1:1 metal to ligand mixtures of CuCl2 with Q-1 at 370 nm (black), Q-2 at 372
nm (blue), Q-3 at 368 nm (green) and Q-4 at 430 nm upon addition of 5 eq GSH. (C/D): fold changes in DCF-fluorescence
(λEX = 485 nm; λEM = 535 nm) induced by a 2 h long incubation with 6.25 µM of iron(III) (C) and copper(II) (D) complexes
in the presence of increasing concentrations of N-acetyl cysteine (NAC) (indicated by fading color from 0 to 1, 5, 10 mM).
Results of complexes of Q-1 are shown in black, of Q-2 in blue, Q-3 in green and Q-4 in purple. (E,F) Kinetics of the
DCFDA-oxidation reactions in the presence of 10 mM NAC from panels (C,D). *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.
****: p ≤ 0.0001.
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Figure 6. Characterization of intracellular ROS production with the DCFDA assay. Fold changes
in fluorescence are shown after a 90 min incubation with 6.25 µM of the ligands Q-1 to Q-4 in the
presence of an equimolar amount of iron (A) and copper (B). Values are given as mean with SEM of
three-to-five independent experiments performed in duplicate. NAC increases the DCF fluorescence
upon treatment in Pgp negative MES-SA (open columns) and Pgp positive MES-SA/Dx5 (Dx5, filled
columns) in a concentration dependent manner (fading color indicates increasing NAC concentration
from 0, 1, 5, 10 mM). Significance is given as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001.

3.4. Relevance of Redox Activity of the Complexes on Toxicity—Involvement of ROS

Since iron and copper complexes formed with the reference 8-hydroxyquinoline Q-1
and its derived Mannich bases Q-2 to Q-4 showed redox activity in cell-free systems [60],
and ROS was also induced by the complexes in the DCFDA assay (Figure 6), we inves-
tigated the effect of the ligands on intracellular ROS production. From the four ligands,
Q-2 showed the most pronounced increase in DCF fluorescence (Figure 7A,B). The signal
vanishes in the presence of NAC, suggesting that NAC is scavenging intracellular ROS
induced by Q-2 or its intracellularly formed metal complexes. While for Q-3 a slight
increase can also be observed, this is not the case with Q-4 (Figure 7A,B). A similar pattern
of ROS induction could be observed with the compounds with chloro-substitution in R5
Cl-Q-1 to Cl-Q-3 and De-Cl-Q-4. (Table S3). In line with these observations, NAC offered
protection against the toxic effect of Q-2 (and even more against that of Q-1) (Figure 7C),
suggesting that ROS formation upon intracellular metal complexation might be involved
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in the mechanism of toxicity of these compounds. Although intracellular redox cycling
is feasible for the iron and copper complexes of all four ligands, NAC did not attenuate
the toxicity of the MDR-selective derivatives Q-3 and Q-4 (Figure 7C), suggesting that
Q-3 and Q-4 may act in different ways, possibly involving a mechanism of “activation by
reduction”. In this model, redox cycling of the metal complexes is initiated by a reducing
agent and ROS are formed upon re-oxidation (Figure 8) [37,74].
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Figure 7. Intracellular ROS production was measured upon incubation of MES-SA (A) and MES-SA/Dx5 (B) cells with
increasing concentrations of Q-1 to Q-4 ranging from 6.25 µM to 50 µM in the absence (darker) or presence (lighter) of
5 mM NAC. Fold changes in fluorescence are shown after a 2 h incubation with the respective compounds. Data of the
differently chlorinated ligands as well as of cell free controls are shown in Table S3. (C) Effect of NAC (5 mM) on the toxicity
of Q-1 to Q-4. Average pIC50 values and standard deviations are shown for Pgp-negative MES-SA (open columns) and
Pgp-positive MES-SA/Dx5 cells (filled columns) in the absence (intense) and presence (pale) of 5 mM NAC. For comparison,
the respective µM concentrations are shown on the right y-axis. NAC alone (5 mM) did not influence the viability of the cells
(see Table S2). Significance was calculated using unpaired t-tests; results are given as *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001,
****: p ≤ 0.0001.
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Figure 8. (A) Redox cycling metal ions (e.g., as part of redox active complexes, blue arrows), enable the formation of ROS
(superoxide O2

−, hydrogen peroxide H2O2, hydroxyl radical OH). Formal redox potentials of respective ROS are given in
1 M solutions at physiological pH [58]. Antioxidants are Janus-faced: based on their formal redox potentials, GSH and NAC
can scavenge ROS [75,76], but they can also reduce the metal ion (black arrow), thus inducing a mechanism of “activation
by reduction” [37,74], giving rise to Fenton (iron)/Fenton-like (other redox active metal ions) reactions (red arrow). In the
metalloenzyme superoxide dismutase (SOD), the redox active copper center catalyzes the reactions highlighted by green
arrows. (B) Summary of metal binding preferences and redox kinetic parameters of Q-1 (black), Q-2 (blue), Q-3 (green) and
Q-4 (purple). pM*: metal binding capacities of the ligands = −log(unbound metal ion).
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4. Discussion

In our earlier work it has been identified that certain metal chelating 8-hydroxyquinoline
derivatives possess robust MDR-selective toxicity, leading to the selective elimination of
Pgp-expressing multidrug-resistant cell lines [15,19]. Thus, MDR-selective 8-hydroxyquinoline
derived Mannich bases are promising agents for the treatment of drug resistant hyperpro-
liferative diseases, especially for those patients to whom few other therapeutic options re-
main.

The 8-hydroxyquinoline scaffold is a privileged structure in medicinal chemistry
with anticancer, neuroprotective, anti-HIV, but also antifungal, antileishmanial, and anti-
schistosomal activities [77,78]. Many of these functions are related to the inhibitory poten-
tial of the scaffold against 2-oxoglutarate and iron dependent enzymes, as well as other
metalloproteins [77]. A recent report has linked the selective toxicity of di-2-pyridylketone-
4,4,-dimethyl-3-thiosemicarbazone (Dp44mT) possessing (N,N,S) metal binding donor set
to the Pgp-mediated lysosomal accumulation of a redox-active copper complex [34–36].
However, it is unlikely that the structurally unrelated 8-hydroxyquinoline derived Man-
nich bases would share this mechanism of action, especially considering that increased
sensitivity against Dp44mT is restricted to cells with lysosomally localized Pgp [19].

Our earlier work suggested that chelation is a necessary but insufficient prerequisite
to elicit MDR-selectivity [19,25]. With the structurally related set of 8-hydroxyquinoline
derived Mannich bases possessing increasing MDR-selectivity (Q-1 to Q-4), we extended
this observation for this specific compound class by showing that NC-1 and NC-2 without
chelating moieties are inefficient. We also demonstrate that the unsubstituted scaffold
Q-1 is not MDR-selective, indicating that chelation per se is not sufficient to convey MDR-
selective toxicity. Strikingly, the replacement of a single atom, as realized by the change of
the methylene group in the piperidinyl-moiety of Q-3 to an oxygen atom in the morpholinyl-
moiety of Q-2 resulted in loss of MDR-selective toxicity. In addition to the effect of donor
atoms (according to the theory of hard and soft Lewis acids and bases) [79,80], binding
preferences of metal ions and the stabilization of respective oxidation states of the metal
ions can be fine-tuned by substituents on the scaffold. While 8-hydroxyquinoline (Q-1) is a
strong chelator with a lower metal binding selectivity, substituted derivatives can exhibit
binding preferences [81]. For example, O-Trensox, a water-soluble tripodal ligand based
on three 8-hydroxyquinoline subunits selectively binds Fe(III) over divalent metal ions
such as copper(II), zinc(II), iron(II) and calcium(II) [81,82]. In this work, we show that that
properties influencing metal binding of the 8-hydroxyquinoline derivatives have a strong
impact on MDR-selective toxicity. In particular, we find that the pKa value of the phenolic
OH donor atom is inversely correlated with the MDR-selective toxicity of the compounds
(Figure 1). The different pKa values, resulting in differently protonated and charged species
at physiological pH, may affect the lipophilicity of the ligands. However, the distribution
coefficients determined at pH 7.4 (logD7.4) of the four ligands do not correspond to the
observed pattern of MDR-selective toxicity, suggesting that lipophilicity alone is not a
predictor of MDR-selective toxicity (see Figure S15). On the other hand, pKa values also
influence the stability of metal complexes, suggesting that MDR-selective toxicity is affected
by metal binding ability [25,79,80,83,84].

Interestingly, the studied MDR-selective compounds show a binding preference for
copper(II) over iron(III) (Figure 1C). Copper-chelation by 8-hydroxyquinoline derivatives
has been linked to the liberation of ROS and oxidative stress [85]. Iron and copper com-
plexes of the investigated compounds were shown to be redox active [60] under phys-
iological conditions, susceptible to intracellular redox cycling with different kinetics of
reduction and re-oxidation reactions (Figure 5A). Formation of intracellular redox active
complexes was confirmed with the DCFDA assay. In general, the investigated metal com-
plexes showed only negligible increase in cell-free DCF-fluorescence, but co-administration
of NAC resulted in a dose-dependent increase in fluorescence-intensity (Figure 5C,D). This
increase of DCF fluorescence is explained by the ability of the antioxidant NAC to initiate
redox cycling of the complexes, by directly reducing the chelated metal ions. As shown
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in Figure 8A, a redox cycle involves reduction and oxidation of the complexed metal ion.
Chelating agents modify the redox potential of the free metal ions in favor of either of these
two reactions. In the cell, GSH and its precursor NAC usually act as antioxidants [75,76,86],
but they can also initiate redox cycling of the complexes by directly reducing the chelated
metal ions. Thus, an antioxidant can paradoxically result in an increased formation of
H2O2 or of hydroxyl radicals (OH) via Fenton- and Fenton-like reactions [37,74]. Even
though antioxidant treatment did not attenuate the toxicity of the MDR-selective deriva-
tives, NAC-induced increase of DCF fluorescence indicates that ROS can be induced as a
result of activation by reduction [37,74], and also suggests that a differential modulation of
ROS formation in MDR cells may contribute to selective toxicity.

Recently, we have shown that toxicity of NSC297366 is linked to cellular iron depletion,
which is exacerbated by Pgp [42]. In line with this report, co-administration of iron(III)
protected Pgp expressing cells from cell death induced by the MDR-selective ligands Q-3
and Q-4. In agreement with a lack of protective effect in the co-administration of FeCl3 with
Q-1, the effect of this ligand on cellular iron levels was found to be negligible (Figure 4A).
In contrast, following the order of MDR selective toxicity, Q-2 to Q-4 induced a pronounced
depletion of iron levels in MES-SA/B1 cells, while their effects on Pgp negative MES-SA
cells were comparably low. Underlining the impact of Pgp on this selective effect, inhibition
of the transporter by TQ rescued MES-SA/B1 cells from iron depletion, restoring the iron
levels to those of the Pgp negative MES-SA cells.

Depending on their lipophilicity, ligands can also induce toxicity through an effect on
intracellular copper accumulation [87]. Q-1, Q-2 and Q-4 significantly increased the uptake
of co-administered copper in both Pgp negative MES-SA, and Pgp positive MES-SA/Dx5
and MES-SA/B1 cells, proportionally to MDR-selective toxicity (Q-1 < Q-2 < Q-4). How-
ever, Pgp function did not have an impact on the ligand-induced increase of intracellular
copper levels, suggesting that the collateral sensitivity of MDR cells is not simply due to
copper deprivation or overload. Interestingly, compared to the other ligands, there was
only a modest (10-fold) increase in copper uptake in the presence of Q-3. Based on the
concentration distribution of complex species previously calculated using the determined
stability constants [60], the predominant species in the conditions of this experiment is
the mono-ligand complex in all cases. At physiological pH, copper(II)-bound Q-3 bears
a positive charge at the non-coordinating amine of the piperidine moiety. While ligand
Q-4 alone is also protonated at its non-coordinating nitrogen at pH 7.4. However, from
the derived stability constants it could be concluded that this moiety is deprotonated
when the ligand is coordinated to a copper ion, due to the decreased pKa value of the
respective complex (L = Q-4: logβCuLH − logβ CuL = pKa CuLH = 5.91) [60]. As a result,
in comparison to complexes formed with ligands Q-1, Q-2 and Q-4, those formed with Q-3
have one additional positive charge. The additional positive charge is expected to hinder
cellular uptake, explaining the limited increase of intracellular copper content in case of
the Q-3 complex.

5. Conclusions

A promising strategy to overcome multidrug resistance in cancer is to exploit the
fitness cost of P-glycoprotein function. In this paper, a set of structurally related 8-
hydroxyquinoline derived Mannich-bases with increasing MDR selectivity was inves-
tigated with a focus on bioinorganic chemical properties. We show that chelation is key to
the mechanism of action of the compounds, suggesting that intracellularly formed metal
complexes play an active role in the mechanism of toxicity. Correlation between the pKa
values, metal binding abilities (reflected as pM* values for iron (III) and copper (II)) and
the toxicity of the ligands indicate that subtle changes in the stability and redox activity
of the biologically relevant metal complexes may significantly influence MDR-selective
toxicity. Co-administration of iron(III) eliminated selective toxicity by protecting MDR cells,
indicating that Pgp may increase sensitivity to iron depletion induced by MDR-selective
8-hydroxyquinoline ligands. Future work will be needed to evelaute whether treatment re-
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fractory cancer can be clinically targeted by exploiting the fitness cost of MDR. Preliminary
studies have shown that physilogical cells expressing Pgp (e.g., brain capillary epithelial
cells) do not show collateral sensitivity [19]. However, before clinical trials of MDR-selective
compounds can be envisaged, more detailed preclinical studies are needed to determine
the best way to deliver these drugs and to establish the proof of concept that MDR-selective
compounds can kill transporter-expressing cells in vivo to target transporter-mediated
drug resistance [18].

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/1/154/s1, Figure S1: Compounds applied in the study, Figure S2: Characterization of the
applied cell line panel, Scheme S1: Synthesis of the non-chelating derivatives 2-morpholinomethyl-
1-naphthol (NC-2), 2-piperidin-1-yl-methyl-1-naphthol (NC-3) and 3-(2-fluorobenzyl)-naphth [2,1-
e][1,3] oxazine (NC-2) and 2-(2-fluorobenzyl-aminomethyl-1-naphthol hydrochloride (NC-4) and chelat-
ing derivatives 3-(2-fluorobenzyl)-[1,3]oxazino[5,6-h]quinoline and 7-(2-fluorobenzyl-aminomethyl)-8
-hydroxyquinoline hydrochloride (5-De-Cl-Q-4), Figure S3: 1H-NMR spectrum of NC-2, Figure S4:
13C-NMR spectrum of NC-2, Figure S5: 1H-NMR spectrum of NC-3, Figure S6: 13C-NMR spectrum
of NC-3, Figure S7: 1H-NMR spectrum of 3-(2-Fluorobenzyl)-naphth[2,1-e][1,3]oxazine, Figure S8:
13C-NMR spectrum of 3-(2-Fluorobenzyl)-naphth[2,1-e][1,3]oxazine, Figure S9: 1H-NMR spectrum of
NC-4, Figure S10: 13C-NMR spectrum of NC-4, Figure S11: 1H-NMR spectrum of 3-(2-fluorobenzyl)-
[1,3]oxazino[5,6-h]quinolone, Figure S12: 13C-NMR spectrum of 3-(2-fluorobenzyl)-[1,3]oxazino[5,6-
h]quinolone, Figure S13: 1H-NMR spectrum of 5-De-Cl-Q-4, Figure S14: 13C-NMR spectrum of
5-De-Cl-Q-4, Figure S15: pKa values influence MDR-selective toxicity of 8-hydroxyquinoline deriva-
tives, Figure S16: Effect of increasing concentrations of FeCl3 co-administration on toxicity of the
ligands Q-1 (A,E,I), Q-2 (B,F,J), Q-3 (C,G,K) and Q-4 (D,H,L) on further cell line pairs, Figure S17:
Effect of increasing concentrations of FeCl3 co-administration on toxicity of the (R5-) un-chlorinated
ligands: Q-1 (A), Q-2 (B), Q-3 (C) and de-Cl-Q-4 (D) as well as of ligands with chloro-substituent in
R5: Cl-Q-1 (E), Cl-Q-2 (F), Cl-Q-3 (G) and Q-4 (H), Figure S18: Effect of increasing concentrations
of CuCl2 co-administration on toxicity of the ligands Q-1 (A,E,I), Q-2 (B,F,J), Q-3 (C,G,K) and Q-4
(D,H,L) on further cell lines, Figure S19: Effect of increasing concentrations of CuCl2 co-administration
on toxicity of the (R5-) un-chlorinated ligands: Q-1 (A), Q-2 (B), Q-3 (C) and de-Cl-Q-4 (D) as well as
of ligands with chloro-substituent in R5: Cl-Q-1 (E), Cl-Q-2 (F), Cl-Q-3 (G) and Q-4 (H), Figure S20:
Fold change in toxicity of ligands Q-1 (A,E), Q-2 (B,F), Q-3 (C,G) and Q-4 (D,H) upon complexation
with 0.33 (orange), 0.5 (red), or 1 (bordeaux) equivalents of FeCl3 (A–D), or with 0.5 (green), or 1
(blue) equivalents of CuCl2 (E–H), Figure S21: Impact of Pgp on toxicity of ligands (black, Q-1 (A),
Q-2 (B), Q-3 (C) and Q-4 (D)) and complexes at different metal-to-ligand ratios illustrated by different
colors: Fe:L = 1:3 (orange), 1:2 (light red), 1:1 (bordeaux), Cu:L = 1:2 (green), 1:1 (blue) and L (black),
Table S1: Toxicity of ligands and in situ preformed complexes in MES-SA and MES-SA/Dx5 cells in
the absence and presence of 1 µM TQ, Table S2: Effect of co-administered NAC, referring to Figure 7,
Table S3: Characterization of intracellular ROS production with the DCFDA assay for Pgp negative
MES-SA and Pgp positive MES-SA/Dx5 cells.

Author Contributions: The manuscript was written through contributions of all authors. Concept
and design: V.F.S.P., G.S., É.A.E. Synthetic chemistry: I.S., F.F. Analytical chemistry: V.F.S.P., É.A.E.
TXRF: V.F.S.P., A.G., N.S., C.S. Biological experiments: V.F.S.P., N.K. Data analysis: V.F.S.P., É.A.E.,
N.S., G.S. Writing of the manuscript: V.F.S.P., É.A.E., G.S. All authors have read and agreed to the
published version of the manuscript.

Funding: G.S. and É.A.E. were supported by a Momentum Grant of the Hungarian Academy of
Sciences. Funding from ERC (StG-260572) and NKTH-ANR 10-1-2011-0401 is also acknowledged.
This work was supported by the National Research, Development and Innovation Office-NKFIH
through projects GINOP-2.3.2-15-2016-00038, FK 124240 and FIEK_16-1-2016-0005.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article and
the Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.Abbreviations: ABC: ATP-binding-
cassette; ASC, ascorbate; CQ, clioquinol (5-Chloro-7-iodo-8-hydroxyquinolin), DCFDA, 2′7′- dichlo-

https://www.mdpi.com/2072-6694/13/1/154/s1
https://www.mdpi.com/2072-6694/13/1/154/s1


Cancers 2021, 13, 154 21 of 24

rofluoresceindiacetate; DCF, 2′,7′-dichlorofluorescein; DCF-H2, 2′,7′-dichlorodihydrofluorescein;
Dp44mT, di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarbazone; DTP, Developmental Therapeutics
Program; GSH, reduced L-glutathione; GSSG, oxidized L-glutathione; MDR, multidrug resistance;
NAC, N-acetylcysteine; NCI, National Cancer Institute; Pgp, P-glycoprotein; ROS, reactive oxygen
species; RR, Ribonucleotide reductase; SR, selectivity ratio; TQ, Tariquidar; TXRF, total-reflection
X-ray fluorescence.

References
1. Stewart, B.W.; Wild, C.P.; International Agency for Research on Cancer. World Cancer Report 2014, 2014 ed.; World Health

Organization: Lyon, France, 2014.
2. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug resistance in cancer: Role of atp-dependent transporters. Nat. Rev. Cancer 2002, 2,

48–58. [CrossRef] [PubMed]
3. Garraway, L.A.; Jänne, P.A. Circumventing Cancer Drug Resistance in the Era of Personalized Medicine. Cancer Discov. 2012, 2,

214–226. [CrossRef] [PubMed]
4. Szakács, G.; Paterson, J.K.; Ludwig, J.A.; Booth-Genthe, C.; Gottesman, M.M. Targeting multidrug resistance in cancer. Nat. Rev.

Drug Discov. 2006, 5, 219–234. [CrossRef]
5. Marquez, B.; Van Bambeke, F. ABC multidrug transporters: Target for modulation of drug pharmacokinetics and drug-drug

interactions. Curr. Drug Targets 2011, 12, 600–620. [CrossRef] [PubMed]
6. Gottesman, M.M.; Ludwig, J.; Xia, D.; Szakacs, G. Defeating Drug Resistance in Cancer. Discov. Med. 2009, 6, 18–23.
7. Tamaki, A.; Ierano, C.; Szakács, G.; Robey, R.W.; Bates, S.E. The controversial role of ABC transporters in clinical oncology. Essays

Biochem. 2011, 50, 209–232.
8. Ambudkar, S.V.; Dey, S.; Hrycyna, C.A.; Ramachandra, M.; Pastan, I.; Gottesman, M.M. Biochemical, cellular, and pharmacological

aspects of the multidrug transporter. Annu. Rev. Pharmacol. Toxicol. 1999, 39, 361–398. [CrossRef]
9. Polgar, O.; Bates, S.E. ABC transporters in the balance: Is there a role in multidrug resistance? Biochem. Soc. Trans. 2005, 33,

241–246. [CrossRef]
10. Szakács, G.; Chen, G.K.; Gottesman, M.M. The molecular mysteries underlying P-glycoprotein-mediated multidrug resistance.

Cancer Biol. Ther. 2004, 3, 382–384. [CrossRef]
11. Falasca, M.; Linton, K.J. Investigational ABC transporter inhibitors. Expert Opin. Investig. Drugs 2012, 21, 657–666. [CrossRef]
12. Yu, M.; Ocana, A.; Tannock, I.F. Reversal of ATP-binding cassette drug transporter activity to modulate chemoresistance: Why

has it failed to provide clinical benefit? Cancer Metastasis Rev. 2013, 32, 211–227. [CrossRef] [PubMed]
13. Amiri-Kordestani, L.; Basseville, A.; Kurdziel, K.; Fojo, A.T.; Bates, S.E. Targeting MDR in breast and lung cancer: Discriminating

its potential importance from the failure of drug resistance reversal studies. Drug Resist. Updates 2012, 15, 50–61. [CrossRef]
[PubMed]

14. Füredi, A.; Szebényi, K.; Tóth, S.; Cserepes, M.; Hámori, L.; Nagy, V.; Karai, E.; Vajdovich, P.; Imre, T.; Szabó, P.; et al. Pegylated
liposomal formulation of doxorubicin overcomes drug resistance in a genetically engineered mouse model of breast cancer. J.
Control. Release 2017, 261, 287–296. [CrossRef] [PubMed]

15. Türk, D.; Hall, M.D.; Chu, B.F.; Ludwig, J.A.; Fales, H.M.; Gottesman, M.M.; Szakács, G. Identification of Compounds Selectively
Killing Multidrug-Resistant Cancer Cells. Cancer Res. 2009, 69, 8293–8301. [CrossRef] [PubMed]

16. Pluchino, K.M.; Hall, M.D.; Goldsborough, A.S.; Callaghan, R.; Gottesman, M.M. Collateral sensitivity as a strategy against cancer
multidrug resistance. Drug Resist. Updates 2012, 15, 98–105. [CrossRef]

17. Hall, M.D.; Handley, M.D.; Gottesman, M.M. Is resistance useless? Multidrug resistance and collateral sensitivity. Trends
Pharmacol. Sci. 2009, 30, 546–556. [CrossRef]

18. Szakács, G.; Hall, M.D.; Gottesman, M.M.; Boumendjel, A.; Kachadourian, R.; Day, B.J.; Baubichon-Cortay, H.; Di Pietro, A.
Targeting the Achilles Heel of Multidrug-Resistant Cancer by Exploiting the Fitness Cost of Resistance. Chem. Rev. 2014, 114,
5753–5774. [CrossRef]

19. Füredi, A.; Tóth, S.; Szebényi, K.; Pape, V.F.S.; Türk, D.; Kucsma, N.; Cervenak, L.; Tóvári, J.; Szakács, G. Identification and
Validation of Compounds Selectively Killing Resistant Cancer: Delineating Cell Line–Specific Effects from P-Glycoprotein–
Induced Toxicity. Mol. Cancer Ther. 2017, 16, 45–56. [CrossRef]

20. Szakács, G.; Annereau, J.-P.; Lababidi, S.; Shankavaram, U.; Arciello, A.; Bussey, K.J.; Reinhold, W.; Guo, Y.; Kruh, G.D.; Reimers,
M.; et al. Predicting drug sensitivity and resistance: Profiling ABC transporter genes in cancer cells. Cancer Cell 2004, 6, 129–137.
[CrossRef]

21. Shoemaker, R.H. The NCI60 human tumour cell line anticancer drug screen. Nat. Rev. Cancer 2006, 6, 813–823. [CrossRef]
22. Ludwig, J.A.; Szakács, G.; Martin, S.E.; Chu, B.F.; Cardarelli, C.; Sauna, Z.E.; Caplen, N.J.; Fales, H.M.; Ambudkar, S.V.; Weinstein,

J.N.; et al. Selective Toxicity of NSC73306 in MDR1-Positive Cells as a New Strategy to Circumvent Multidrug Resistance in
Cancer. Cancer Res. 2006, 66, 4808–4815. [CrossRef] [PubMed]

23. Hall, M.D.; Salam, N.K.; Hellawell, J.L.; Fales, H.M.; Kensler, C.B.; Ludwig, J.A.; Szakács, G.; Hibbs, D.E.; Gottesman, M.M.
Synthesis, Activity, and Pharmacophore Development for Isatin-β-thiosemicarbazones with Selective Activity toward Multidrug-
Resistant Cells. J. Med. Chem. 2009, 52, 3191–3204. [CrossRef] [PubMed]

http://doi.org/10.1038/nrc706
http://www.ncbi.nlm.nih.gov/pubmed/11902585
http://doi.org/10.1158/2159-8290.CD-12-0012
http://www.ncbi.nlm.nih.gov/pubmed/22585993
http://doi.org/10.1038/nrd1984
http://doi.org/10.2174/138945011795378504
http://www.ncbi.nlm.nih.gov/pubmed/21039335
http://doi.org/10.1146/annurev.pharmtox.39.1.361
http://doi.org/10.1042/BST0330241
http://doi.org/10.4161/cbt.3.4.743
http://doi.org/10.1517/13543784.2012.679339
http://doi.org/10.1007/s10555-012-9402-8
http://www.ncbi.nlm.nih.gov/pubmed/23093326
http://doi.org/10.1016/j.drup.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22464282
http://doi.org/10.1016/j.jconrel.2017.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28700899
http://doi.org/10.1158/0008-5472.CAN-09-2422
http://www.ncbi.nlm.nih.gov/pubmed/19843850
http://doi.org/10.1016/j.drup.2012.03.002
http://doi.org/10.1016/j.tips.2009.07.003
http://doi.org/10.1021/cr4006236
http://doi.org/10.1158/1535-7163.MCT-16-0333-T
http://doi.org/10.1016/j.ccr.2004.06.026
http://doi.org/10.1038/nrc1951
http://doi.org/10.1158/0008-5472.CAN-05-3322
http://www.ncbi.nlm.nih.gov/pubmed/16651436
http://doi.org/10.1021/jm800861c
http://www.ncbi.nlm.nih.gov/pubmed/19397322


Cancers 2021, 13, 154 22 of 24

24. Hall, M.D.; Brimacombe, K.R.; Varonka, M.S.; Pluchino, K.M.; Monda, J.K.; Li, J.; Walsh, M.J.; Boxer, M.B.; Warren, T.H.; Fales,
H.M.; et al. Synthesis and Structure–Activity Evaluation of Isatin-β-thiosemicarbazones with Improved Selective Activity toward
Multidrug-Resistant Cells Expressing P-Glycoprotein. J. Med. Chem. 2011, 54, 5878–5889. [CrossRef] [PubMed]

25. Pape, V.F.S.; Tóth, S.; Füredi, A.; Szebényi, K.; Lovrics, A.; Szabó, P. Design, synthesis and biological evaluation of thiosemicar-
bazones, hydrazinobenzothiazoles and arylhydrazones as anticancer agents with a potential to overcome multidrug resistance.
Eur. J. Med. Chem. 2016, 117, 335–354. [CrossRef] [PubMed]

26. Heffeter, P.; Jakupec, M.A.; Körner, W.; Chiba, P.; Pirker, C.; Dornetshuber, R.; Elbling, L.; Sutterlüty, H.; Micksche, M.; Keppler,
B.K.; et al. Multidrug-resistant cancer cells are preferential targets of the new antineoplastic lanthanum compound KP772 (FFC24).
Biochem. Pharmacol. 2007, 73, 1873–1886. [CrossRef]

27. Alakhova, D.Y.; Rapoport, N.Y.; Batrakova, E.V.; Timoshin, A.A.; Li, S.; Nicholls, D.; Alakhov, V.Y.; Kabanov, A.V. Differential
metabolic responses to pluronic in MDR and non-MDR cells: A novel pathway for chemosensitization of drug resistant cancers. J.
Control. Release. 2010, 142, 89–100. [CrossRef]

28. Bentley, J.; Quinn, D.M.; Pitman, R.S.; Warr, J.R.; Kellett, G.L. The human KB multidrug-resistant cell line KB-C1 is hypersensitive
to inhibitors of glycosylation. Cancer Lett. 1997, 115, 221–227. [CrossRef]

29. Bell, S.E.; Quinn, D.M.; Kellett, G.L.; Warr, J.R. 2-Deoxy-D-glucose preferentially kills multidrug-resistant human KB carcinoma
cell lines by apoptosis. Br. J. Cancer. 1998, 78, 1464–1470. [CrossRef]

30. Broxterman, H.J.; Pinedo, H.M.; Kuiper, C.M.; Schuurhuis, G.J.; Lankelma, J. Glycolysis in P-glycoprotein-overexpressing human
tumor cell lines Effects of resistance-modifying agents. FEBS Lett. 1989, 247, 405–410. [CrossRef]

31. Landwojtowicz, E.; Nervi, P.; Seelig, A. Real-Time Monitoring of P-Glycoprotein Activation in Living Cells. Biochemistry 2002, 41,
8050–8057. [CrossRef]

32. Gatlik-Landwojtowicz, E.; Äänismaa, P.; Seelig, A. The Rate of P-Glycoprotein Activation Depends on the Metabolic State of the
Cell. Biochemistry 2004, 43, 14840–14851. [CrossRef] [PubMed]

33. Karwatsky, J.; Lincoln, M.C.; Georges, E. A mechanism for P-glycoprotein-mediated apoptosis as revealed by verapamil
hypersensitivity. Biochemistry 2003, 42, 12163–12173. [CrossRef] [PubMed]

34. Jansson, P.J.; Yamagishi, T.; Arvind, A.; Seebacher, N.; Gutierrez, E.; Stacy, A.; Maleki, S.; Sharp, D.; Sahni, S.; Richardson, D.R.
Di-2-pyridylketone 4,4-Dimethyl-3-thiosemicarbazone (Dp44mT) Overcomes Multidrug-Resistance by a Novel Mechanism
Involving the Hijacking of Lysosomal P-Glycoprotein (Pgp). J. Biol. Chem. 2015, 290, 9588–9603. [CrossRef] [PubMed]

35. Stacy, A.E.; Palanimuthu, D.; Bernhardt, P.V.; Kalinowski, D.S.; Jansson, P.J.; Richardson, D.R. Structure–Activity Relationships
of Di-2-pyridylketone, 2-Benzoylpyridine, and 2-Acetylpyridine Thiosemicarbazones for Overcoming Pgp-Mediated Drug
Resistance. J. Med. Chem. 2016, 59, 8601–8620. [CrossRef]

36. Lovejoy, D.B.; Jansson, P.J.; Brunk, U.T.; Wong, J.; Ponka, P.; Richardson, D.R. Antitumor Activity of Metal-Chelating Compound
Dp44mT Is Mediated by Formation of a Redox-Active Copper Complex That Accumulates in Lysosomes. Cancer Res. 2011, 71,
5871–5880. [CrossRef]

37. Pape, V.F.S.; Türk, D.; Szabó, P.; Wiese, M.; Enyedy, E.A.; Szakács, G. Synthesis and characterization of the anticancer and metal
binding properties of novel pyrimidinylhydrazone derivatives. J. Inorg Biochem. 2015, 144, 18–30. [CrossRef]

38. Dömötör, O.; Pape, V.F.S.; May, N.V.; Szakács, G.; Enyedy, É.A. Comparative solution equilibrium studies of antitumor
ruthenium(η6-p-cymene) and rhodium(η5-C5Me5) complexes of 8-hydroxyquinolines. Dalton Trans. 2017, 46, 4382–4396.
[CrossRef]

39. Heffeter, P.; Pape, V.F.S.; Enyedy, É.A.; Keppler, B.K.; Szakacs, G.; Kowol, C.R. Anticancer Thiosemicarbazones: Chemical
Properties, Interaction with Iron Metabolism, and Resistance Development. Antioxid. Redox Signal. 2019, 30, 1062–1082.
[CrossRef]

40. Hager, S.; Pape, V.F.S.; Pósa, V.; Montsch, B.; Uhlik, L.; Szakács, G.; T’oth, S.; Jabronka, N.; Keppler, B.K.; Kowol, C.R.; et al. High
Copper Complex Stability and Slow Reduction Kinetics as Key Parameters for Improved Activity, Paraptosis Induction, and
Impact on Drug-Resistant Cells of Anticancer Thiosemicarbazones. Antioxid. Redox Signal. 2020, 33, 395–414. [CrossRef]

41. Enyedy, É.A.; May, N.V.; Pape, V.F.S.; Heffeter, P.; Szakács, G.; Keppler, B.K.; Kowol, C.R. Complex formation and cytotoxicity of
Triapine derivatives: A comparative solution study on the effect of the chalcogen atom and NH-methylation. Dalton Trans. 2020.
Available online: https://pubs.rsc.org/en/content/articlelanding/2020/dt/d0dt03465g (accessed on 6 November 2020).

42. Cserepes, M.; Türk, D.; Tóth, S.; Pape, V.F.S.; Gaál, A.; Gera, M.; Szabo, J.; Kucsma, N.; Varady, G.; Vertessy, B.G.; et al. Unshielding
multidrug resistant cancer through selective iron depletion of P-glycoprotein expressing cells. Cancer Res. 2019. Available online:
https://cancerres.aacrjournals.org/content/early/2019/12/28/0008-5472.CAN-19-1407 (accessed on 6 January 2020).

43. Torti, S.V.; Torti, F.M. Ironing out Cancer. Cancer Res. 2011, 71, 1511–1514. [CrossRef]
44. Lui, G.Y.L.; Kovacevic, Z.; Richardson, V.; Merlot, A.M.; Kalinowski, D.S.; Richardson, D.R. Targeting cancer by binding iron:

Dissecting cellular signaling pathways. Oncotarget 2015, 6, 18748–18779. [CrossRef] [PubMed]
45. Gupte, A.; Mumper, R.J. Elevated copper and oxidative stress in cancer cells as a target for cancer treatment. Cancer Treat. Rev.

2009, 35, 32–46. [CrossRef] [PubMed]
46. Tapiero, H.; Townsend, D.M.; Tew, K.D. Trace elements in human physiology and pathology. Copper. Biomed. Pharmacother. 2003,

57, 386–398. [CrossRef]
47. Kalinowski, D.S.; Richardson, D.R. The Evolution of Iron Chelators for the Treatment of Iron Overload Disease and Cancer.

Pharmacol. Rev. 2005, 57, 547–583. [CrossRef]

http://doi.org/10.1021/jm2006047
http://www.ncbi.nlm.nih.gov/pubmed/21721528
http://doi.org/10.1016/j.ejmech.2016.03.078
http://www.ncbi.nlm.nih.gov/pubmed/27161177
http://doi.org/10.1016/j.bcp.2007.03.002
http://doi.org/10.1016/j.jconrel.2009.09.026
http://doi.org/10.1016/S0304-3835(97)04739-3
http://doi.org/10.1038/bjc.1998.708
http://doi.org/10.1016/0014-5793(89)81380-8
http://doi.org/10.1021/bi025720s
http://doi.org/10.1021/bi048761s
http://www.ncbi.nlm.nih.gov/pubmed/15544355
http://doi.org/10.1021/bi034149+
http://www.ncbi.nlm.nih.gov/pubmed/14567677
http://doi.org/10.1074/jbc.M114.631283
http://www.ncbi.nlm.nih.gov/pubmed/25720491
http://doi.org/10.1021/acs.jmedchem.6b01050
http://doi.org/10.1158/0008-5472.CAN-11-1218
http://doi.org/10.1016/j.jinorgbio.2014.12.015
http://doi.org/10.1039/C7DT00439G
http://doi.org/10.1089/ars.2017.7487
http://doi.org/10.1089/ars.2019.7854
https://pubs.rsc.org/en/content/articlelanding/2020/dt/d0dt03465g
https://cancerres.aacrjournals.org/content/early/2019/12/28/0008-5472.CAN-19-1407
http://doi.org/10.1158/0008-5472.CAN-10-3614
http://doi.org/10.18632/oncotarget.4349
http://www.ncbi.nlm.nih.gov/pubmed/26125440
http://doi.org/10.1016/j.ctrv.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18774652
http://doi.org/10.1016/S0753-3322(03)00012-X
http://doi.org/10.1124/pr.57.4.2


Cancers 2021, 13, 154 23 of 24

48. Merlot, A.M.; Kalinowski, D.S.; Richardson, D.R. Novel Chelators for Cancer Treatment: Where Are We Now? Antioxid. Redox
Signal. 2013, 18, 973–1006. [CrossRef]

49. Lane, D.J.; Mills, T.M.; Shafie, N.H.; Merlot, A.M.; Moussa, R.S.; Kalinowski, D.S.; Kovacevic, Z.; Richardson, D.R. Expanding
horizons in iron chelation and the treatment of cancer: Role of iron in the regulation of ER stress and the epithelial–mesenchymal
transition. Biochim. Biophys. Acta BBA—Rev. Cancer 2014, 1845, 166–181. [CrossRef]

50. Shvartsman, M.; Cabantchik, Z.I. Intracellular iron trafficking: Role of cytosolic ligands. BioMetals 2012, 25, 711–723. [CrossRef]
51. Finch, R.A.; Liu, M.C.; Cory, A.H.; Cory, J.G.; Sartorelli, A.C. Triapine (3-aminopyridine-2-carboxaldehyde thiosemicarbazone;

3-AP): An inhibitor of ribonucleotide reductase with antineoplastic activity. Adv. Enzyme Regul. 1999, 39, 3–12. [CrossRef]
52. Kowol, C.R.; Berger, R.; Eichinger, R.; Roller, A.; Jakupec, M.A.; Schmidt, P.P.; Arion, V.B.; Keppler, B.K. Gallium(III) and

Iron(III) Complexes of α-N-Heterocyclic Thiosemicarbazones: Synthesis, Characterization, Cytotoxicity, and Interaction with
Ribonucleotide Reductase. J. Med. Chem. 2007, 50, 1254–1265. [CrossRef]

53. Chitambar, C.R.; Antholine, W.E. Iron-Targeting Antitumor Activity of Gallium Compounds and Novel Insights Into Triapine®

-Metal Complexes. Antioxid. Redox Signal. 2013, 18, 956–972. [CrossRef]
54. Yu, Y.; Wong, J.; Lovejoy, D.B.; Kalinowski, D.S.; Richardson, D.R. Chelators at the Cancer Coalface: Desferrioxamine to Triapine

and Beyond. Clin. Cancer Res. 2006, 12, 6876–6883. [CrossRef] [PubMed]
55. Yuan, J.; Lovejoy, D.B.; Richardson, D.R. Novel Di-2-Pyridyl-Derived Iron Chelators with Marked and Selective Anti-Tumor

Activity: In Vitro and In Vivo Assessment. Blood 2004, 104, 1450–1458. [CrossRef] [PubMed]
56. Saletta, F.; Rahmanto, Y.S.; Siafakas, A.R.; Richardson, D.R. Cellular Iron Depletion and the Mechanisms Involved in the

Iron-dependent Regulation of the Growth Arrest and DNA Damage Family of Genes. J. Biol. Chem. 2011, 286, 35396–35406.
[CrossRef]

57. Kalinowski, D.S.; Stefani, C.; Toyokuni, S.; Ganz, T.; Anderson, G.J.; Subramaniam, N.V.; Trinder, D.; Olynyk, J.K.; Chua, A.;
Jansson, P.J.; et al. Redox cycling metals: Pedaling their roles in metabolism and their use in the development of novel therapeutics.
Biochim. Biophys. Acta BBA—Mol. Cell Res. 2016, 1863, 727–748. [CrossRef] [PubMed]

58. Jungwirth, U.; Kowol, C.R.; Keppler, B.K.; Hartinger, C.G.; Berger, W.; Heffeter, P. Anticancer Activity of Metal Complexes:
Involvement of Redox Processes. Antioxid. Redox Signal. 2011, 15, 1085–1127. [CrossRef] [PubMed]

59. Santini, C.; Pellei, M.; Gandin, V.; Porchia, M.; Tisato, F.; Marzano, C. Advances in Copper Complexes as Anticancer Agents.
Chem. Rev. 2014, 114, 815–862. [CrossRef] [PubMed]

60. Pape, V.F.S.; May, N.V.; Gál, G.T.; Szatmári, I.; Szeri, F.; Fulop, F.; Szakács, G.; Enyedy, É.A. Impact of copper and iron binding
properties on the anticancer activity of 8-hydroxyquinoline derived Mannich bases. Dalton Trans. 2018, 47, 17032–17045.
[CrossRef]

61. Windt, T.; Tóth, S.; Patik, I.; Sessler, J.; Kucsma, N.; Szepesi, Á.; Zdrazil, B.; Özvegy-Laczka, C.; Szakács, G. Identification of
anticancer OATP2B1 substrates by an in vitro triple-fluorescence-based cytotoxicity screen. Arch. Toxicol. 2019, 93, 953–964.
[CrossRef]

62. Bársony, O.; Szalóki, G.; Türk, D.; Tarapcsák, S.; Gutay-Tóth, Z.; Bacsó, Z.; Holb, I.J.; Szekvolgyi, L.; Szabo, G.; Csanady, L.; et al.
A single active catalytic site is sufficient to promote transport in P-glycoprotein. Sci. Rep. 2016, 6, 24810. [CrossRef]

63. Juvale, K.; Pape, V.F.S.; Wiese, M. Investigation of chalcones and benzochalcones as inhibitors of breast cancer resistance protein.
Bioorg. Med. Chem. 2012, 20, 346–355. [CrossRef]

64. Mueller, H.; Kassack, M.U.; Wiese, M. Comparison of the Usefulness of the MTT, ATP, and Calcein Assays to Predict the Potency
of Cytotoxic Agents in Various Human Cancer Cell Lines. J. Biomol. Screen. 2004, 9, 506–515. [CrossRef]

65. Polgári, Z.; Ajtony, Z.; Kregsamer, P.; Streli, C.; Mihucz, V.G.; Réti, A.; Budai, B.; Kralovánszky, J.; Szoboszlai, N.; Záray, G.
Microanalytical method development for Fe, Cu and Zn determination in colorectal cancer cells. Talanta 2011, 85, 1959–1965.
[CrossRef] [PubMed]

66. Szoboszlai, N.; Polgári, Z.; Mihucz, V.G.; Záray, G. Recent trends in total reflection X-ray fluorescence spectrometry for biological
applications. Anal. Chim. Acta 2009, 633, 1–18. [CrossRef] [PubMed]

67. Bakker, M.; Renes, J.; Groenhuijzen, A.; Visser, P.; Timmer-Bosscha, H.; Müller, M.; Groen, H.J.M.; Smit, E.F.; de Vries, E.G.E.
Mechanisms for high methoxymorpholino doxorubicin cytotoxicity in doxorubicin-resistant tumor cell lines. Int. J. Cancer 1997,
73, 362–366. [CrossRef]

68. Harker, W.G.; Sikic, B.I. Multidrug (Pleiotropic) Resistance in Doxorubicin-selected Variants of the Human Sarcoma Cell Line
MES-SA. Cancer Res. 1985, 45, 4091–4096.

69. Shen, D.-W.; Cardarelli, C.; Hwang, J.; Cornwell, M.; Richert, N.; Ishii, S.; Pastan, I.; Gottesman, M.M. Multiple drug-resistant
human KB carcinoma cells independently selected for high-level resistance to colchicine, adriamycin, or vinblastine show changes
in expression of specific proteins. J. Biol. Chem. 1986, 261, 7762–7770.

70. Gaál, A.; Orgován, G.; Polgári, Z.; Réti, A.; Mihucz, V.G.; Bősze, S.; Szoboszlai, N.; Streli, C. Complex forming competition
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